Multipartite viruses are formed by a variable number of genomic fragments packed in independent viral capsids. This fact poses stringent conditions on their transmission mode, demanding, in particular, a high multiplicity of infection (MOI) for successful propagation. The actual advantages of the multipartite viral strategy are as yet unclear. The origin of multipartite viruses represents an evolutionary puzzle. While classical theories suggested that a faster replication rate or higher replication fidelity would favour shorter segments, recent experimental results seem to point to an increased stability of virions with incomplete genomes as a factor able to compensate for the disadvantage of mandatory complementation. Using as main parameters differential stability as a function of genome length and MOI, we calculate the conditions under which a set of complementary segments of a viral genome would outcompete the non-segmented variant. Further, we examine the likeliness that multipartite viral forms could be the evolutionary outcome of the competition among the defective genomes of different lengths that spontaneously arise under replication of a complete, wild-type genome. We conclude that only multipartite viruses with a small number of segments could be produced in our scenario, and discuss alternative hypotheses for the origin of multipartite viruses with more than four segments.
INTRODUCTION
The origin and evolutionary history of viral genomes is a classical problem that has inspired a long series of questions and hypotheses in evolutionary biology [1] [2] [3] . One of those questions is the adaptive meaning of genome segmentation, because it appears to be a common trait in a very broad variety of viruses [4] [5] [6] . The case of multipartite viruses is particularly striking, because their genome segments achieve complete independence at the apparent cost of reducing its infectivity [7] [8] [9] .
Multipartite viruses have their genomes fragmented into two or more (up to eight) segments, each packed into a separate capsid and containing one or more genes that are essential for the virus to complete an infection cycle. These viruses require complementation, because each genomic segment must be completed (i.e. complemented) with the rest of segments in order to produce viral offspring. The complementation requirements for multipartite viruses have a strong impact on the way they are transmitted: many viral particles have to enter each cell in order to assure that at least one representative of each segment will be present. The multiplicity of infection (MOI) is thus a key quantity in the biology of multipartite viruses.
A noticeable fact about multipartite viruses is their asymmetry in host distribution: while they are common among plant viruses, no multipartite virus infecting animals has been described [10] . It has often been claimed that a larger characteristic MOI in plant infections may be behind this phenomenon [11] , but a quantitative analysis of this claim has not been carried out up to now. From an evolutionary perspective, this asymmetry could be understood by taking into account a trade-off between opposite selective pressures: while the complementation requirement acts as a limiting factor-viral extinction supervenes if transmission bottlenecks occur-there should be evolutionary forces that promote the fragmentation of viral genomes. Actually, the first step towards fragmentation might be the generation of incomplete genomes. The latter are known to arise spontaneously under replication of wildtype (wt) viruses [12] , which often produce the so-called defective interfering particles (DIPs)-that is, incomplete genomes able to infect cells but unable to complete the infection cycle in the absence of the wt [13, 14] . The effect of DIPs in the dynamics and evolution of viruses has been studied by means of mathematical models [15, 16] , and particular attention has been paid to the mechanisms allowing for the coexistence of wt and defective forms [4, 17, 18] . Nonetheless, the advantage of fragmentation and especially the individual encapsidation of the fragments still remain open questions.
Faster replication of shorter genomes and higher replication fidelity have been classically presented as factors favouring genome segmentation [11, 19] , though there is no conclusive empirical evidence of their evolutionary advantage in viruses. Recent experimental work, on the other hand, has compared the performance of the wt, complete form of foot-and-mouth disease virus, with a fragmented (bipartite) counterpart obtained by evolution in cell culture [20] . Competition experiments have shown that the latter, shorter genomes, may possess a larger average lifetime between infective events [6] . These results point at the stability of viral particles as a relevant feature that could counterbalance the disadvantage of high MOIs required to produce infection.
While the possibility of obtaining complementary, segmented variants of an originally non-segmented virus had been confirmed through isolation of variants with genomes separated into two molecules [21] and by means of genetic engineering techniques [22, 23] , the experimental evolution of a bipartite virus from a complete, non-segmented wt provides an insight into how multipartite viruses could have originated in nature. In this work, we explore the hypothesis that multipartite viruses are the evolutionary outcome of the competition among genomic segments of different lengths. These segments would be naturally produced through deletions in the replication process of the original, wt virus [24] . Provided that shorter genomes enjoy a certain evolutionary advantage, a set of segments may be able to outcompete the wt virus if the MOI is high enough to guarantee complementation among the segments. We will focus on reduced degradation as the selective pressure favouring segmentation, although alternatives will also be considered, and their formal equivalence investigated. We discuss the likeliness that multipartite viruses with a large number of fragments could have originated in that scenario.
MATERIAL AND METHODS
(a) Formal scenario A schematic of the basic mechanisms included in the model is depicted in figure 1 . Let us consider a mixed population that contains wt viruses (those with a complete genome, denoted as wt) as well as two smaller components whose genomes are complementary segments (denoted as D1 and D2). Both components D1 and D2 constitute together a bipartite variant of the wt virus. Each component requires complementation for replication, either with the other component or with the wt. At each generation, viruses in the population infect a set of cells at a given MOI m. Although, in general, m is a quantity that depends on the viral load, we will study only the case of constant m for the sake of simplicity. Replication takes place inside the cells depending on complementation requirements. Thus, in the case of frequency-dependent fitness [25] , the amount of viruses of each class produced by a single cell depends on the initial composition of the (small) infecting population. The sum of all viruses produced by all cells constitutes the primary offspring. It is exposed then to differential degradation, which preferentially affects the wt class. Survival of the wt relative to the segmented classes is given by a parameter s , 1. The viral population that results after degradation is considered to be the infecting population for the next generation. In such a way, the composition of the population can be traced for several generations in an iterative way. where p D1 , p D2 and p wt are the fractions of classes D1, D2 and wt in the population, such that p D1 þ p D2 þ p wt ¼ 1. At generation n, the composition of the population will be denoted as p n .
Let us begin by considering a single cell that has been infected by a, b and c viral particles of classes D1, D2 and wt, respectively. The MOI in this case would be m ¼ a þ b þ c. Vector (a, b, c)
T will be referred to as the infection configuration. The viral offspring produced by the infected cells can be expressed as a product of a fitness matrix M a,b,c and the infection configuration. The fitness matrix allows the introduction of frequency-dependent fitness, provided that production of each viral class is affected by the abundances of other classes in a linear way.
The complementation requirement can be implemented as follows. For a given genome to reproduce, there are two limiting factors: first, the availability of the own genome; second, the availability of essential proteins (that depends itself on the amount of genomes coding for them). As a result, a simple way to consider complementation consists of assuming that the number of genomes of a given class produced inside a cell is equal to the minimum between the number of genomes of that class that infected the cell and the number of the corresponding complementary genomes. For instance, segment D1 requires D2 or wt for complementation; so the number of viral particles of class D1 produced will be min{a, b þ c}. On the other hand, wt genomes do not need complementation, and their final number will depend only on their initial abundance c. Without loss of wt (complete genome)
infection at a given MOI densitydependent replication differential degradation Figure 1 . Schematic of the infective process. The MOI is the (average) number of viral particles infecting a cell. Incomplete genomes (D1 and D2) have an average lifetime that is larger than that of the wt between infective events, as shown graphically by the decrease in number of the wt relative to genomes with deletions. The process is iterated until the equilibrium state is attained.
generality, we will fix the replication rate for the wt class equal to one. Taking all this into account, the offspring produced by a single cell can be written as
The previous expression defines conditional (frequencydependent) fitness f ija;b;c , i [ fD1;D2;wtg. The next step is to obtain the global offspring produced by the whole set of cells. Let us assume that the number of cells is large enough such that the global offspring can be calculated by averaging the offspring of a single cell (equation (2.2)) over the probability of a given infection configuration. That probability depends on the MOI m as well as on the population composition p. All steps can be written in a single equation that provides the composition of the population in successive generations.
where Z is a normalization factor (see the electronic supplementary material). Equation (2.5) can be iterated in order to obtain the evolution of a mixed population of single-particle wt virus and bipartite mutants derived from it, provided that the selective advantage of the bipartite mutants is due to reduced degradation. Note that according to the definition of conditional fitness (equation (2.2)), it can be written in the form of a replicator equation. Indeed, let kf i l be the average value of the conditional fitness for a generic class i,
Prða; b; cjpÞf ija;b;c : ð2:6Þ
If p i is the fraction of class i in the population and we denote with a superscript the generation in which a given quantity is measured, the evolution equation is equivalent to the replicator equation The evolutionary dynamics reaches an equilibrium state for such compositions that are fixed points of the replicator equation. They must fulfil the equilibrium condition
In particular, we are interested in equilibrium points that are attractors of the evolutionary dynamics. A detailed study of these points and their stability can be found in the electronic supplementary material.
(c) Generalization of the evolution equation The evolution equation in the previous section can be modified to include additional selective pressures. The set of fitness matrices will contain new parameters accounting, for instance, for replication and mutation rates, and in some cases, the number of replication cycles inside the cell has to be explicitly considered. A detailed derivation of generalized equations can be found in the electronic supplementary material.
(i) Different replication rates Owing to their smaller size, it has been argued that bipartite genomes may replicate faster than wt ones [11, 19] . Without loss of generality, let R . 1 be the replication rate of the segments D1 and D2 relative to that of the wt. In a discrete-time model, R 21 is the average number of genomes of wt class produced after one cycle of intracellular replication. Several replication cycles can take place before the viral offspring is released out of the cells, let G be the number of replication cycles. Under these circumstances, the conditional fitness that allow the evolutionary process to be written as a replicator equation are the following:
(ii) Loss of segments through mutation and replication fidelity Let us consider the possibility that a genomic segment is lost during replication with probability r. As a result, the probability that a wt virus replicates its whole genome without losing any segment is (1 2 r) 2 , where the square means that a genome with two putative segments is considered. On the other hand, the probability that a single-segment virus D1 or D2 replicates without errors is 1 2 r. That is the reason why bipartite mutants have, in principle, a higher probability of error-free copy than wt ones. In addition, single-segment viruses can be produced from the wt with probability r(1 2 r). In this setting, the evolution of the population follows a replicator equation where conditional fitness can be expressed as 
(d) Multiple segments
The model can be easily expanded to describe the dynamics of genomes that are susceptible to being partitioned into more than two segments. In a multiple-segment model, viral classes are defined by the genomic segments they conserve. The extreme cases are still the wt virus, which contains the complete genome, and the single-segment classes, which constitute the genuine multipartite version of the virus. In addition, there will also be classes with an intermediate number of segments. Provided that a genome is composed of n putative segments, the total number of different viral classes is 2 n 2 1 (the class containing no segments has been discounted), and the number of classes containing s segments is n s ¼ n!=ðs!ðn À sÞ!Þ.
Complementation implies that replication is limited by the less abundant genomic segment inside the cell. In the simplest scenario, we assume that the selective advantage favouring shorter genome lengths is proportional to the number of segments that a given class contains. In the case of degradative advantage, degradation is assumed to be zero for the singlesegment classes and to increase linearly with the number of segments up to the value 1 2 s for the wt virus. By taking these considerations into account, the extension of the bipartite model to the multipartite case is straightforward, the main difficulties arising from the high dimensionality of the classes space. The case with three segments is developed in detail in the electronic supplementary material. Other relationships between genome length and degradative advantage are possible: the case where the selective advantage is proportional to the volume of the packed genome (emphasizing the role played by the interaction with the capsid) is studied in the electronic supplementary material.
RESULTS
(a) Evolutionary shift from wt to a bipartite form Analysis of the evolution equation (2.5) or the equivalent replicator equation (2.7) reveals two possible outcomes for the evolutionary process, depending on the values of parameters s and m. If degradation of the wt virus is high enough when compared with that of the segments, then the wt becomes extinct and single-segment variants D1 and D2 take over the population (figure 2a). Therefore, in this regime bipartite variants of a single-particle virus are able to outcompete the latter and reach fixation in the population. On the other hand, coexistence is the expected outcome if degradation of the wt is low (figure 2b). Both regimes are separated by a critical value of the survival parameter s crit , so that s , s crit leads to extinction of the wt while s . s crit allows for coexistence.
An analytic expression for the critical value s crit can be obtained by means of simple invasibility arguments. Provided that the point (1/2, 1/2, 0)
T (corresponding to a pure equilibrated population of the bipartite form) is a stable equilibrium point in the absence of the wt class, the key point is to study its stability when an infinitesimal A simple expression is obtained in the limit of large MOI, m ) 1,
and this same asymptotic result holds for a multinomial distribution of MOIs. Figure 3 compares the numerical and asymptotic values of s crit as a function of m, and reveals that the asymptotic approximation actually recovers well the behaviour of the system also at relatively small values of m. As intuitively expected, increasing the relative degradation of wt virus implies increasing the selective pressure favourable to the bipartite virus, which permits its fixation. Alternatively, an increase of the MOI makes complementation easier, as there are more genomes inside the cell providing complementation. As a consequence, greater MOI also favours fixation of the bipartite virus. Finally, note that there is no parameter region for which the wt virus outcompetes the bipartite one.
The results obtained earlier remain qualitatively unchanged if the selective advantage of the bipartite virus relies on a faster replication or if mutations leading to the loss of segments are considered. In the former case, the conditional fitness defined by equation (2.10) can be used to derive an analogous critical condition such that s crit is replaced by R
2G
. In the latter, s crit is substituted by (1 2 r) G . When resources are limited by the cell, the critical condition is derived from a slightly more involved mathematical relationship. Nonetheless, there are no qualitative differences with the situation reported, but only minor quantitative differences (see the electronic supplementary material).
(b) Viruses with multiple segments As in the bipartite case, evolutionary outcomes include coexistence of all possible viral classes and fixation of the single-segment classes. The latter would result in a net evolution from a single-particle virus to a multipartite virus with as many particles as genomic segments. As a novelty, there appears a whole range of intermediate equilibrium states that successively lack the wt, the second longest classes and so on. Figure 4a shows a map of the evolutionary regions for a genome with three possible segments. The intermediate region corresponds to an equilibrium state that contains the three possible two-segment classes as well as the three single-segment classes. This region is limited by two series of critical points that separate it from the total coexistence region below and the multipartite fixation region above. A comparison with the two-segment case (figure 3) reveals that fixation of a multipartite virus with three segments requires a much higher MOI. This result is expected because, in this case, complementation of a single segment requires the presence of two different complementary segments. For low values of the MOI, it may be impossible for the single segments to get fixation, even with the maximum degradative advantage. This is because of the linear relation between the degradative advantage and the number of segments: the minimum survival for the wt virus, 0 per cent related to that of a single segment, translates into a relative survival of 50 per cent for two-segment classes. That can be enough for the two-segment classes to avoid extinction at a not very high MOI.
A relevant question is how high the MOI must be so that a multipartite virus with a given number of segments can reach fixation. To address that point, let us take a fixed value for the survival parameter and observe the critical MOI values that separate one evolutionary region from another. Results for s ¼ 0.5 are shown in figure 4b . The thick black curve on the left-hand side of the figure indicates the minimum MOI required so that the singlesegment classes are able to outcompete other classes with longer genomes and, in consequence, a fully multipartite population is established. That critical MOI rapidly increases with the number of segments in the genome, being equal to two for two segments, around 30 for three segments and higher than 100 for four and more segments. If the selection pressure favouring shorter genomes is stronger, let us take for instance s ¼ 0.1 for the survival of the wt, then critical MOIs decrease (two for two segments, nine for three segments), but still remain above 100 for five or more segments. The possibility that such a high MOI can be reached in nature is clearly unrealistic (not so many viral particles are expected to enter one cell under biological conditions); therefore, if the evolutionary origin of multipartite viruses is due to genome segmentation and competition among genomes of different lengths, no multipartite virus with more than three or four segments should be expected. This result remains unchanged if the advantage of segmented forms is proportional to the volume they occupy, as shown in the electronic supplementary material.
DISCUSSION
We have presented a model of how viral genomes may become segmented and give rise to a multipartite virus. Provided that mutants with shorter genomes can be produced through deletion events and that these mutants are able to replicate if they receive complementation, evolution of a multipartite variant of the original virus may be the result of the competition among genomes with different lengths. Two opposite selective pressures determine whether the multipartite virus will be able to reach fixation. On the one hand, complementation among segmented genomes requires co-infection of cells by at least one segment of each class. That is possible only if the MOI is high enough. On the other hand, shorter genomes benefit from a reduced degradation rate, which favours division of the genome into smaller segments [6] . Other hypothetical benefits of segmentation, such as faster replication or higher fidelity in the replication process have also been considered, with no qualitative changes in the overall results. The main evolutionary regions (coexistence of wt and fragmented forms and extinction of the wt) are essentially unchanged when the production of viral particles is limited by the amount of cellular resources. This leads us to conclude that it is how the complementation rules are implemented that eventually determines the equilibrium state, and not the absolute number of viral particles produced. At the biochemical level, the expression used to evaluate the fitness of the different infection configurations implicitly assumes that gene products affected by segmentation are partially shared, though the genome coding them can use them preferentially. That is, gene products act in trans and partly in cis. Other models for complementation [26] have analysed the case of gene products acting only in trans. Compared with our scenario, this latter prescription confers a larger advantage to segmented forms. Hence, segmented genomes would be fixed at lower values of MOI, other parameters being equal.
The case with two genomic segments giving rise to a bipartite virus has been solved in a comprehensive, analytical way. It shows that an evolutionary shift from a singleparticle virus to a bipartite one is the expected outcome when the MOI during evolution exceedes a critical value. This result explains, from a theoretical point of view, the experimental observations in [20] , where a bipartite virus was obtained after culture of foot-and-mouth disease virus (a single-particle virus) at a high MOI.
Our results for the bipartite case can be compared with those obtained in previous theoretical scenarios. In a complementation model characterized by hyperbolic growth [4] , both coexistence and fixation of the bipartite form were found, together with a third regime where the wt virus cannot be invaded by segmented mutants. The assumption of a hyperbolic viral growth is essential for this third regime to exist. However, hyperbolic viral growth requires a tight spatio-temporal coupling between synthesis of replication proteins and genome replication, a situation that is not representative for many viruses [27, 28] . A related work [19] considered differences in replicative ability and replication fidelity as the selective pressures driving genome segmentation. Interestingly, the model also considered an additional class of parasiticlike, defective mutants that need complementation by single-segment genomes to be replicated and provide no complementation to the rest of the population. For high enough MOI, it was found that defective mutants were able to invade a population of bipartite virus, driving it to extinction. This phenomenon is conceptually similar to that of lethal defection [29, 30] and has not been considered in our model for simplicity.
Finally, we have extended our study to the case of multiple (more than two) segments. The main result is that a multipartite virus with a small number of segments can outcompete the single-particle one and get fixed in the population at realistic values of the MOI. According to experimental assays, the MOI in plant infections oscillates between 2 and 13 [9, 31] , which would allow selection of multipartite viruses with two and three segments. For a greater number of segments, total segmentation at realistic MOIs should not be expected in the framework of our model. viruses to efficiencies below 10 per cent [9] . One can calculate the probability that a multipartite virus with n segments achieves complementation when infecting cells at MOI m. If we require that this probability reaches a level of 0.1 (one out of 10 cells would effectively get infected), we find that an MOI between once and twice the number of genome segments yields that efficiency, even for multipartite viruses with many segments. This prediction coincides with the MOI values that are indeed found experimentally in plants [8] . Contrary to that, infections in animals are frequently subject to bottlenecks, events for which the MOI becomes severely reduced. The onset of viral infections in animals, as well as intrahost dispersal, are processes that involve a very small number of viral particles [32, 33] , too small for a multipartite virus to achieve efficient infection. Hence, the asymmetry in the host distribution of multipartite viruses may derive from differences in the characteristic MOIs for plants and animals, which in fact are a consequence of the physiological constraints governing viral transmission and dispersal in different organisms.
(b) On the origin of multipartite viruses Should the evolution of multipartite viruses in nature proceed through competition among segments with different lengths, then a relatively small number of segments is expected in the light of our model. This may have been the case for multipartite viruses belonging to the families Geminiviridae, Secoviridae and Bromoviridae (the former two composed of two segments, and the latter of three segments). Among them, the family Geminiviridae is interesting, as it contains bipartite genera as well as non-segmented ones [10] .
However, some of the multipartite viruses found in nature present a much larger number of segments. In particular, members of the family Nanoviridae are composed of six or eight segments [34] , so that the MOI that is required to get them fixed becomes of the order of 100 (or even higher). This value is very unlikely to be attained in nature. Therefore, other conceptual frameworks are needed in order to explain the origin of these highly multipartite viruses. Two alternative hypotheses can be proposed in this respect. The first is that viral capsids and genome size have co-evolved, in such a way that as the genome becomes segmented a smaller capsid is recruited. As the stability of the viral particle depends on the chemical interaction between genome and capsid, it can be expected that if the new capsid fits the size of the genome segments, the relative fitness advantage of a further segmentation would increase. An argument supporting this idea is the fact that viral capsids in nanovirus indeed fit the segment size; so no multiplesegment hypothetical progenitor could be packed into them. A second hypothesis consists of accepting that there has been only one (or maybe two) true segmentation event, favourably selected by a moderate MOI, and the rest of segments have been recruited as genes captured from other viruses. In this respect, we recall that interspecific recombination and gene transfer events are widespread in multipartite viruses [35, 36] and are thought to have played a role in the particular evolution of nanoviruses [37, 38] .
